The deep biosphere contains a large portion of the total microbial communities on Earth, but little is known about the carbon sources that support deep life. In this study, we used Stable Isotope Probing (SIP) and high throughput amplicon sequencing to identify the acetate assimilating microbial communities at 2260 m depth in the bedrock of Outokumpu, Finland. The long-term and short-term effects of acetate on the microbial communities were assessed by DNA-targeted SIP and RNA targeted cell activation. The microbial communities reacted within hours to the amended acetate. Archaeal taxa representing the rare biosphere at 2260 m depth were identified and linked to the cycling of acetate, and were shown to have an impact on the functions and activity of the microbial communities in general through small key carbon compounds. The major archaeal lineages identified to assimilate acetate and metabolites derived from the labelled acetate were Methanosarcina spp., Methanococcus spp., Methanolobus spp., and unclassified Methanosarcinaceae. These archaea have previously been detected in the Outokumpu deep subsurface as minor groups. Nevertheless, their involvement in the assimilation of acetate and secretion of metabolites derived from acetate indicated an important role in the supporting of the whole community in the deep subsurface, where carbon sources are limited.
Introduction
The deep subsurface offers a unique niche to microbial communities with challenging conditions that comprise limited carbon and energy sources, anoxia, and isolation from surface ecosystems with photosynthetically-derived carbon compounds. Deep continental crust microbial communities, however, represent a remarkable portion of the total biomass on Earth [1] [2] [3] . The importance of the deep terrestrial biosphere, its metabolic interactions with the environment, and the energy sources of the active microbial communities are still poorly understood.
In contrast to the surface biosphere, the deep subsurface biosphere carbon cycle is dependent on different anaerobic microorganisms using less energetic electron acceptors than oxygen. Kotelnikova and Pedersen [4] observed autotrophic acetogenesis in cultures from the deep granitic subsurface of Äspö, Sweden, and suggested that acetate and hydrogen could serve as possible energy sources for the deep biosphere. Further hypotheses on microbial communities possibly interacting with minerals or 29 .06528 • E), was drilled in 2006 and has previously been described in [11, [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] . Briefly, the fracture zone at 2260 m contain saline water, with methane as dominating dissolved gas and an in situ temperature around 37 • C ( Table 1 ). The geochemistry of the sampling site in June 2010 has been described by Kietäväinen et al. [25] and water chemistry at the depth of 2260 m by Purkamo et al. [20] . The number of microbial cells at the time of sampling was 1.5 × 10 3 cells/mL (Table 1) . Table 1 . Hydrogeochemical characteristics of water and gas samples, and fluid cell count values in Outokumpu subsurface at the depth of 2260 m.
Measurement Value Reference
Temperature, • C 37. [20] b.d.: below detection limit; SEM: standard error of mean.
Sampling
Sample fluid was collected in June 2010 by pumping through a poly amide (PA) tube, as described previously [20, 23, 25] . The drill hole was sealed with one air-inflated packer situated at the depth of 1190 m. The use of only one packer instead of two flanking the actual fracture zone was due to a narrowing of the drill hole at 1190 m depth due to movement of the rock. Thus, only one packer could be used. The PA tube was unused and factory clean and filled with filter-sterilized reverse osmosis (RO) water before it descended into the drill hole to the depth of 2260 m. In order to collect fracture fluid, water was pumped from the drill hole from the 2260 m depth continuously for 2.5 weeks. Sample fluid was lead via an air-tight sterilized PA tube into a portable anaerobic glove box (GB-2202-2, MBRAUN, Garching, Germany) where sample fluid was collected under N 2 (99.999%) flow. Anaerobic conditions were further enhanced with anaerobic generators (Anaerocult A, Merck, Darmstadt, Germany). Average fluid flow-rate was 2-5 L·h −1 . Fluid was first collected in a 2 L acid washed sterile Schott Duran bottle (Duran Group, Wertheim/Main, Germany) prior to further handling. In order to obtain sufficient amounts of biomass, the microbial cells in the water samples were first concentrated on filters. Furthermore, to enhance labelling of nucleic acids of active acetate utilizers, double-labelled 99% 13 C-acetate was used. DNA-based SIP was used to evaluate the carbon flow in the microbial communities, and RNA-based cell activation was applied to address the primary activation linked to the acetate amendment.
Microbial cells from 10 L and 1 L samples of fluid were collected on Millipore 0.2 µm polyethersulfone-membrane (PES) (Corning, Tewksbury, MA, USA) for DNA and RNA analyses, respectively. For long-term incubations, the filters were cut out of the filter funnels and placed into headspace bottles amended 75 mL of the fracture zone fluid combined with acetate treatment. The bottles were sealed with gas tight butyl rubber stoppers and aluminium crimp caps and stored at +4 • C in a cool-box for transport to the laboratory incubation. The short-term incubations were performed directly on the filter units in the anaerobic glove box immediately after collection and concentration of the biomass samples.
The microcosms and filter incubations were amended with 13 C-acetate or 12 C-acetate suspended in fracture fluid to a final concentration of 4 mM. The long-term incubations received 75 mL and the short-term ones 50 mL of the acetate amended fracture fluid suspension. Altogether, six replicate long-term and short-term incubations were prepared, of which triplicate treatments were with 13 C-acetate and with 12 C-acetate, respectively. The long-term incubations were kept at 30 • C for 2.5 weeks, protected from light. At the end of the incubation, the microbial biomass was collected on 0.2 µm cellulose-acetate (CA) filter membranes (Millipore). The CA filter was cut out from the funnel and stored separately from the PES filter. Both the incubated PES filter and the CA filter from the end of the experiment were transferred to a 50 mL centrifuge tube and kept frozen at −80 • C until further analysis. The short-term incubations performed directly on the filter units were kept in the anaerobic glove box together with the substrate for 3 h after which the liquid was removed from the filter units by filtration, and the filter containing the concentrated biomass was removed from the funnel with a sterile scalpel and stored in a 50 mL plastic test tube in dry ice for transport to the laboratory, and stored at −80 • C until further analysis.
In addition, one 10 L control sample for the DNA profile and two 1 L samples for the RNA profile of the microbial community at the time of sampling were collected, filtered on PES membrane, and stored as described above.
Nucleic Acid Extraction
DNA was extracted from the original fracture fluid and long-term incubated microcosm samples with the Metagenomic DNA Isolation Kit (EPICENTRE Biotechnologies, Madison, WI, USA) according to the manufacturer's instructions. The filters were cut into small slices with a sterile scalpel before they were subjected to the extraction protocol. The extracted DNA from the CA (end of incubation) and PES (incubated filter) was eluted in 50 µL and 100 µL TE buffer, respectively. The DNA sample for further handlings was combined from both PES and CA extractions. The extracted DNA was stored at −80 • C. RNA was extracted from the PES filters with the PowerWater RNA isolation Kit (MoBio Laboratories Inc., Carlsbad, CA, USA) according to the manufacturer's instructions. The filters were placed into the PowerWater Bead tube as such. The RNA concentration was analysed with the NanoDrop ND-1000 UV-Vis Spectrophotometer (NanoDrop Technologies Inc., Wilmington, DE, USA). The extracted RNA was stored at −80 • C.
Ultracentrifugation and Gradient Fractionation
The ultracentrifugation was performed to separate the labelled 13 C-containing nucleic acids from total nucleic acids. DNA samples and reagents were prepared, and ultracentrifugation was performed using a gradient fractionation protocol according to Neufeld et al. [42] . The maximum yield of sample DNA (0.2-2.8 µg DNA for 12 C samples and 0.5-2.3 µg DNA for 13 C samples) was mixed with gradient buffer (0.1 M Tris, 0.1 M KCl, 1 mM EDTA). A total of 708 µL of DNA/gradient buffer-solution was further mixed with 4.9 mL of CsCl-stock solution, loaded into Beckmann 5.1 mL ultracentrifuge polypropylene tubes (BeckmannCoulter, Brea, CA, USA), and sealed with a heat sealer tube topper (Beckmann Coulter, Inc., Brea, CA, USA). The final density of the mixed solution before the centrifugation was 1.722 g·mL −1 . Control tubes without nucleic acids (blank controls) were included in each centrifugation to evaluate the formation of the gradient.
The samples were centrifuged with a Beckmann ultracentrifuge VTI 65.2 rotor for 60 h at 20 • C, with maximum acceleration and no deceleration with 44,100 rpm for DNA and samples. The formed gradient was fractioned from the tubes immediately after centrifugation in a laminar flow hood. The ultracentrifuge tubes were pierced at the bottom and from the top with a 23-gauge 1"needle. The gradient solution was replaced by dyed DEPC-treated water, injected to the tube from the top using a syringe pump (New Era Pump Systems, Inc., Farmingdale, NY, USA) with a 200 µL·min −1 flow rate. Fractions were collected from the bottom of the ultracentrifuge tubes into 2 mL Eppendorf tubes. DNA fractions were collected in 50 s intervals resulting in total of 22 fractions for each DNA sample. The density of each fraction in the control tube was measured with a refractometer (DR301-95, A. Krüss Optitronic, Hamburg, Germany) to verify the formation of the gradient. The formation of a gradient in the sample-bearing tubes was confirmed by measuring the density of the first and last fraction from each ultracentrifugation tube.
Desalting of the Fractions
Nucleic acids were precipitated from the fractions by adding 2 volumes of isopropanol followed by an incubation of samples at −20 • C for a minimum of one day. The precipitated nucleic acids were pelleted by centrifugation for 20 min at 14,000 G at 4 • C in a table top centrifuge (Eppendorf, Hamburg, Germany). The supernatant was discarded, avoiding the pellet, and 150 µL of isopropanol was added. Samples were centrifuged 5 min at 16,000 G at 4 • C. The isopropanol was carefully removed and the nucleic acid pellet was rinsed with ice cold 70% ethanol to remove the remaining salts. In order to purge any residual ethanol, the samples were centrifuged for 5 min at 16,000 G at 4 • C, the remaining supernatant was discarded, and the nucleic acid pellets were briefly air dried under a laminar flow. The DNA pellets were re-suspended in 30 µL of Tris-EDTA buffer (TE). The desalted nucleic acids were kept frozen at −20 • C until further analysis.
Identification of Heavy Nucleic Acid Fractions
Quantitative PCR (qPCR) was applied in order to identify the location of the 13 C labeled heavy nucleic acid fractions by estimating the relative abundances of bacterial 16S rRNA gene copies in the fractions of each sample. White 96-well FrameStar ® plates (4titude, Surrey, UK) were used for the qPCR amplifications performed on a Roche LightCycler LC480 (Roche, Penzberg, Germany).
The qPCR was performed with a KAPA™ SYBR ® FAST qPCR Master Mix (2×) Light cycler 480 Kit (Kapa Biosystems, Wilmington, MA, USA) with triplicate reactions for each DNA fraction. The amplification was performed with the primers fD1 [43] and P2 [44] (Table 2) 1 Nested amplicon library PCR Archaeal 16S rRNA [49] qPCR data was analyzed with the Light Cycler ® 1.5 SW program 1.5.0 (Roche Applied Science, Mannheim, Germany). Location of heavy nucleic acid fractions was identified by comparing CsCl-densities and ratio of gene copies to maximum quantity of detected nucleic acids in 12 C and 13 C samples (percentage of total amounts).
Reverse Transcription
The RNA from the total enriched community and original fracture fluid was converted to cDNA using Superscript III reverse transcriptase kit (Invitrogen, Life Technologies, Ltd., Carlsbad, CA, USA) and random hexamers. The reaction mixture was made with 0.5 µL of random primers of 0.5 µg·µL −1 stock (Promega, Madison, CA, USA), 1 µL dNTP of 10mM stock (Promega), 11 µL of the RNA template, and molecular-grade-water to a total reaction volume of 20 µL. The samples were heated to 65 • C for 5 min and chilled to 4 • C for 1 min. Hereafter, 4 µL of the reaction buffer, 1 µL DTT (Invitrogen, Carlsbad, CA, USA), 1 µL RNase inhibitor of 40 U·µL −1 stock (Promega), and 1 µL of Superscript III reverse transcriptase of stock 200 U·µL −1 (Invitrogen, Carlsbad, CA, USA) was added to the reaction. The reactions were mixed by pipetting and then incubated at 25 • C for 5 min and heated for 50 • C for 50 min. The reaction was inactivated by heating to 85 • C for 5 min, and ended by chilling to 4 • C.
Whole Genome Amplification
Identified heavy nucleic acid fractions were combined to a separate representative sample for each microcosm for whole genome amplification (WGA). The WGA reaction was performed in duplicates for all DNA and cDNA samples with the Illustra GenomiPhi V2 DNA Amplification kit (GE Healthcare, Piscataway, NJ, USA) according to the manufacturer's instructions. A mixture of 2 µL of template and 18 µL of sample buffer was first heated to 95 • C for 3 min. The reactions were then cooled on ice and 18 µL of reaction buffer and 2 µL of enzyme-mix were added to each reaction while kept on ice followed by incubation at 30 • C for 2 h and a post-amplification at 65 • C for 10 min before a final cooling to 4 • C.
Amplicon Library Preparation
The archaeal 16S rRNA genes were amplified using a nested PCR approach. In the first round PCR, the archaeal 16S rRNA genes were amplified primers with A109F and 915R amplifying a 806 bp fragment of the archaeal 16S rRNA gene (Table S1 ). The first round PCR product was used as template for the second round (nested PCR) for the amplicon libraries, which was performed with primers A344f and A744r [48, 49] (Table 2 ). The preparation of the barcoded bacterial 16S rRNA gene amplicons was carried out by single round PCR using primers 8f and P2 covering the V1-V3 regions of the bacterial 16S rRNA gene ( Table 2 ). The primers used for the amplicon libraries were equipped with adapters for the 454 FLX platform, and each forward primer contained unique 6-nucleotide long barcode sequence as described by Bomberg et al. [50] . The archaeal and bacterial amplicon library PCR was performed as described in Table S1 . All performed PCR runs included negative control samples. The PCR programme consisted of initial denaturation at 98 • C for 30 s followed by 40 cycles of 10 s at 98 • C, 15 s annealing at 50 • C for archaea and 55 • C for bacteria, 30 s at 72 • C, and a terminal elongation step 5 min at 72 • C. All PCRs were performed with an Eppendorf Mastercycler gradient (Eppendorf, Hamburg, Germany). The amplification success, size of the amplicons, and performance of the control samples was checked with gel electrophoresis.
Sequencing and Sequence Analysis
Archaeal and bacterial 16S rRNA gene-barcoded amplicons were sequenced with the 454 Roche FLX Titanium pyrosequencing platform at the Institute of Biotechnology (University of Helsinki, Finland). The amplicon sequence data was edited and analyzed with the Mothur programme [51] . Sequences were trimmed by removing the adapter and barcode, and screened with set values for the maximum differences in primer sequence (2 nucleotides) and maximum homopolymer stretches (8 nucleotides). The sequences were aligned against the SILVA-reference alignment Silva.seed v_123 [52] and alignments were screened to match defined start-and end-positions with the minimum sequence length of 160 bp for bacteria and 140 bp for archaea. The chimeric sequences were identified with Mothur's chimera slayer command and removed from the data. The clustering of sequences into OTUs was done with the nearest neighbor parameter based on 97% sequence homology within the OTU. Bacterial and archaeal OTUs were classified using Silva reference taxonomy (v_132) [52] . OTUs that did not receive any classification were removed from the bacterial data. Mothur was used to determine the representative sequences for the OTUs, analyze the relative abundance of OTUs and sequences, and to generate biom-files. Part of the unclassified OTU sequences were checked with BLAST-tool against the NCBI database (https://blast.ncbi.nlm.nih.gov/Blast.cgi) [53] .
Statistical analysis
The microbial community data were further analysed in RStudio with imported biom-file constructed in Mothur [54] . OTUs containing only single sequences were removed, after which the data was normalized with the MetagenomeSeq package's cumulative sum scaling (CSS) normalization in R [55] . Principal coordinate analysis (PCoA) in R's Phyloseq package [56] was used to estimate the dissimilarities between the active microbial communities (SIP) and total microbial communities, and again between DNA and RNA communities. The PCoA was built with Bray-Curtis distance model and the calculation of the eigenvalues used 999 random repeats in R's vegan package [57] . Alphadiversity measurements, including the detected number of sequences, Chao1 richness estimate, and Shannon's and Simpson's diversity indices, were calculated from raw data and normalized (rarefied) data with R's vegan package. Sequence data was rarefied to 136 and 150 sequences in archaeal and bacterial data, respectively.
Accession Numbers
Sequences obtained in this study are deposited in the European nucleotide Archive (ENA) under project PRJEB28401.
Results

Identification of Heavy Fractions
DNA samples were distributed to 22 fractions ( Figure S1 ). The location of DNA in the CsCl gradient was estimated by comparison of relative abundances of bacterial 16S rRNA gene copies in different fractions. The labelled 13 C DNA was located at CsCl densities 1.732-1.728 g·mL −1 , from which the labeled DNA was pooled from four fractions to one sample ( Figure S1 and Table 3 ). The location of unlabeled environmental DNA of the 12 C amended samples was detected at densities lighter than 1.716 g·mL −1 . In addition, unlabeled DNA could be observed in both 13 C and 12 C amended samples at densities lighter than 1.640 g·mL −1 . 
Alphadiversity Measures
The Shannon diversity indices (H ) of the archaeal communities of the original and enriched samples varied in rarefication normalized data from 0.1 to 1.1 (with the exception of sample RNA-E2 that had H = 2.2) both from DNA and RNA (Table 4) . Only two distinct archaeal OTUs were detected in the original samples. In contrast, the archaea detected from the labelled fractions had high Shannon index values, varying from 1.3-3.3, indicating higher diversity. The Simpson diversity indices showed similar result for the archaeal communities, i.e., the OTU richness was higher in the 13 C labelled fractions. The Chao1 richness estimator predicted an even higher number of OTUs, especially in the heavy fractions with values 6-48 for DNA samples, respectively. Table 4 . Alphadiversity analysis of the archaeal community detected from the DNA and RNA of the original fracture fluid (DNA_0 and RNA_0, respectively), enriched microcosms (DNA_E1-3 and RNA E1-3) and the acetate assimilating community detected from the labelled fractions (DNA-F1-3 The Shannon indices for the bacterial communities of the rarefied original samples were 2.5 and 2.6 for DNA and RNA samples, respectively ( Table 5 ). The highest number of OTUs was identified in the original samples, with 80 and 67 OTUs from DNA and RNA, respectively. The enriched samples showed variability in the Shannon indices varying from 0.8 to 3 in raw data, and 2.1 to 2.8 in the normalized data. Normalization by rarefication excluded the samples DNA_E2 and DNA_E3 with lowest sequence counts. Simpson diversity indices, however, demonstrated lower variability in diversity in the bacterial communities (values 0.6-0.9 in raw data and 0.7-0.9 in rarefied data, respectively). Chao1 OTU richness estimator demonstrated the highest values in rarefied original samples with 80 and 58 estimated OTUs for DNA and RNA, respectively. Table 5 . Alphadiversity analysis of the bacterial community detected from the DNA and RNA of the original fracture fluid (DNA_0 and RNA_0, respectively), enriched microcosms (DNA_E1-3 and RNA E1-3) and the acetate assimilating community detected from the labelled fractions (DNA-F1-3 In the PCoA analysis, the archaeal communities in the original fracture fluid detected by both DNA and RNA (DNA-0 and RNA-0) clustered closely together indicating high similarity between the total (DNA) and active (RNA) communities ( Figure 1, Table 3 ). In addition, the close clustering of most of the DNA-derived heavy fractions and enriched RNA samples indicated that the main users of acetate after 2.5 weeks of incubation were also the taxa that responded rapidly to the added acetate, with only one heavy fraction DNA sample separating slightly from the rest of the 13 C labelled fractions. The enriched RNA microcosm samples had the most variation within their sample type and compared to the original and labelled samples. In the bacterial data, the original and enriched samples grouped together, although the labelled samples scattered as two separate subgroups ( Figure 2 , Table 3 ). The bacterial communities detected from the DNA and RNA had high dissimilarities and formed separate groups according to the sample type. Nevertheless, the PCoA analysis on both the archaeal and bacterial communities demonstrated that the separation of 13 C-labelled fractions from the whole community of the enriched samples was successful. Thus, the acetate assimilating communities could be distinguished from the original fracture fluid community and the communities that were enriched in the microcosms.
Taxonomy
Archaea
The main archaeal groups in the original sample and enriched samples belonged to the family Methanobacteriaceae with species affiliating with the genus Methanobacterium (Figure 3 , Table 3 ). The labelled DNA fractions representing the acetate consuming archaeal community hosted OTUs affiliating with the families Methanosarcinaceae (0.0-99.6%) and Methanococcaceae (0.4-99.9%). Further, the detected genera within these families were Methanococcus spp., Methanolobus spp., Methanosarcina spp., and a high number of OTUs affiliating with a genus of unclassified Methanosarcinaceae (Figure 3) . OTUs in the original RNA sample represented only Methanobacterium spp. (100%) (Figure 3) . Furthermore, low numbers of sequences belonging to genus Archaeoglobus spp.
were detected in two labelled fractions (DNA). Additionally, two enriched samples, DNA-E3 (66.7%) and RNA-E1 (100%), hosted Halobacteriales sequences. DNA sample hosted OTUs affiliating with both genus Haloparvum spp. and unclassified Haloferaceae, while RNA sample hosted OTUs affiliating with genus Halobacterium spp. 
Bacteria
The major bacterial phyla in the original fracture fluid detected from the DNA were Proteobacteria and Actinobacteria (Figure 4 , Table 3 ). The major genus on the actinobacterial phylum was OPB41 representing 48.1% of the sequences in the original DNA sample (Table S3 ). The main identified proteobacterial families in the original samples belonged to Burkholderiaceae, while 20% of all proteobacterial sequences belonged to unclassified Betaproteobacteriales. Of the sequences falling within Burkholderiaceae, more than 95% belonged to thus far unclassified members of the Burkholderiaceae. Approximately 1% of the bacteria detected from the original DNA sample affiliated with the genus Pseudomonas, 5% affiliated with unclassified Bacteria, and for 1% of the sequences, the domain could not be determined. The majority of the bacterial OTUs present in the labelled DNA fractions belonged to the proteobacterial phylum, more specifically, to the families Burkholderiaceae and Pseudomonadaceae (Figure 4 , Table S3 ). The majority of the OTUs from the labeled DNA affiliated with the family Burkholderiaceae, and taxonomically divided further into the genera Comamonas spp., Duganella spp. and Janthinobacterium spp., together with unclassified Burkholderiaceae (Figure 5 , Table S4 ). The majority of the bacteria (70%) detected from the RNA from the original fracture fluid communities affiliated with unclassified Bacteria (Figure 4) . The major identified bacterial families in the original RNA samples belonged to the phylum Proteobacteria, Firmicutes, and Actinobacteria, with the majority affiliating with families OPB41 (6%), D8A-2 (3%), and Burkholderiaceae (2.3%) (Figure 4) . The major groups in Proteobacteria included unclassified Burkholderiaceae, hosting 37%, and unclassified Acetobacteraceae (25% of the proteobacterial sequences). For nearly 5% of the remaining sequences, the domain could not be determined. All short-term enriched samples (RNA_E) hosted OTUs affiliating with Deinococcaceae, which were not detected in the RNA from the original sample. Furthermore, Pseudomonas spp. affiliating OTU-sequences had higher relative abundance at the genus level in the labelled samples from DNA SIP compared to original ground water samples. The original and enriched RNA samples hosted mainly unclassified Bacteria, with OTU sequences closest BLAST matches to e.g., halophilic sulfate reducers Desulfotomaculum halophilum [58] and other uncultured Clostridiales. Bacterial RNA data hosted sequences that are clearly deriving from the human contamination e.g., Streptococcaceae (Table S4) or have been detected as contaminants in molecular biology kits, such as Sphingomonas spp. [59, 60] . Amplicon PCR controls were negative on all PCR runs. 
Discussion
The Fennoscandian deep biosphere contains highly diverse microbial communities with rather low cell counts [20, 50, [61] [62] [63] . Although the community compositions have been extensively studied and found to contain a multitude of metabolic potential, only few studies exist to date that show the utilization of specific carbon sources by the deep subsurface community. To our best knowledge, no data has been published that identifies acetate utilizers from such a great depth as 2260 m. Kotelnikova and Pedersen [32] detected methanogenesis in cultivation experiments amended with acetate, methanol, or TMA in samples from the depth of 414 m in Äspö. However, the shallower site at 68 m depth presented the fastest rate for aceticlastic methanogenesis. Recently, Purkamo et al. [30] showed that specific bacteria were enriched in cultures containing acetate as a carbon source at 967 m depth in Outokumpu, but verification of which microbial taxa that assimilate acetate at great depth has not been reported before. In this study, we designed a SIP method for the identification of rapid activation and assimilation of acetate as well as for long-term assimilation of acetate by low cell number microbial communities retrieved from 2.2 km depth in Outokumpu. Previously undetected taxonomic groups were identified from Outokumpu with SIP, especially in the archaeal community. The methanogens represent a small portion of the total microbial communities in Outokumpu deep subsurface, since both the archaeal 16S rRNA and mcrA genes have been present only in low copy numbers, and the mcrA gene has been detected only from the shallower depths [20, 22] . At 2260 m depth, the mcrA-genes were not detected with qPCR, with the detection limit being 4 × 10 1 copies mL −1 fracture fluid [22] . Hence, these prior results indicate that the labelled archaeal taxa represent part of the rare microbial community. Here, we show the archaeal rare biosphere in Outokumpu at a depth of 2.2 km to be an active part of the microbial community. Acetate amendment enriched rare archaeal taxa which rapidly reacted at the ribosynthesis level to the given substrate. Bacterial players in the acetate linked food-web belonged to the families Burkholderiaceae and Pseudomonadaceae. The detected 13 C-label in the archaeal nucleic acids showed that acetate was actively assimilated by various methanogenic archaea ( Figure 3 , Table S2 ). Part of the major acetate assimilating archaea detected in the labelled DNA fractions belonged to the genera Methanosarcina spp. and unclassified Methanosarcinaceae. Methanosarcinales are metabolically the most versatile of the methanogenic archaeal order known to date, with their metabolic capabilities including the disproportioning of acetate, hydrogenotrophic metabolism (H 2 /CO 2 ), and partial oxidation of methyl compounds such as methanol combined with methyl reduction [64, 65] . The Methanosarcina-related archaeal metabolism is particularly interesting in the deepest part of Outokumpu subsurface, since Methanosarcina spp. could represent a flexible key-organism, further supporting the metabolically-more-limited hydrogenotrophic and methylotrophic archaeal taxa. Methanosarcina spp., which has previously been detected from the Outokumpu deep biosphere at the upper parts of the bedrock [22] . Purkamo et al. [20] reported a low abundance of Methanosarcina spp. at 2260 m depth in Outokumpu, but the archaeal community was, nevertheless, dominated by hydrogenotrophic Methanobacterium spp. The genetic potential for aceticlastic methanogenesis has been demonstrated in the Outokumpu deep subsurface at various depths by the presence of mcrA-gene and methanogenic microbial genera [21] . Our present study shows that the methanogenic archaeal communities are diverse and active at the deepest parts of the Outokumpu subsurface. Methanosarcinales has been detected elsewhere in deep terrestrial subsurfaces, such as in the Evander gold mine in South Africa [16] .
The labelled fractions of DNA samples showed a clear rise of the Methanococcus spp. affiliating OTUs, demonstrating the presence of the labelled carbon in their nucleic acids. Methanococcales has previously been detected from Outokumpu subsurface from the shallower depth of 500 m [66] . The known methanococci-linked abilities indicate that Methanococcus spp. utilize acetate as their carbon rather than as an energy source at the depth of 2.2 km in Outokumpu. Methanococcales is a methanogenic group of archaea, hydrogenotrophs utilizing hydrogen and carbon dioxide as an energy and carbon source [67, 68] . Methanococci can be either heterotrophs or autotrophs possessing different enzymes for initial assimilation of acetate [69] . Methanococcus voltaii has been shown to utilize acetate as a source for cellular carbon, despite the usage of formate and H 2 oxidation for energy source through methanogenesis [70] . The Methanococcus maripaludis strain S2 utilizes Wood-Ljungdahl-pathway to produce acetyl-CoA from CO 2 molecules, and further uses acetyl-CoA in the production of cell mass or methanogenesis [71] . Furthermore, Methanococcus spp. includes known acetate auxotrophs which require acetate for their growth [72] . Study by Ozuolmez et al. [68] revealed the possibilities of a syntrophy between marine aceticlastic archaea and Methanococcus spp. in the utilization of acetate. In light of their results, we could make an alternative assumption of cross-feeding in our experiment, with Methanosarcina spp. as the original acetate consumer and Methanococcus spp. (as a possible syntrophic partner) further scavenging formed hydrogen and 13 CO 2 .
Our study shows Methanolobus spp. carrying the heavy 13 C-label in DNA. Methanolobus spp. has been isolated from the deep subsurface environments, e.g., in Taiwan faults at the depth of 545 m [73] and in deep subsurface coal seams [74] . Known Methanolobus spp. are methanogenic archaea producing methane from methylated substrates such as methanol, methylamines, or methyl sulfides [75] [76] [77] . However, no Methanolobus spp. has been described to grow on acetate [75] [76] [77] . Either Outokumpu hosts the first non-obligate methylotrophic methanogenic Methanolobus spp. assimilating acetate, or Methanolobus spp. is assimilating end-products from the cleavage of acetate ( 13 CO 2 ) or derivative compounds of 13 CH 4 oxidation such as methyl sulfides or methanol [78, 79] Methanogenic archaea are able to oxidize methane during active methanogenesis, e.g., Methanosarcina barkeri is able to produce methanol and acetate as methane oxidation end-products [79] . Furthermore, Methanosarcina acetivorans has been shown to oxidize methane to methyl sulfides or acetate in trace methane oxidation (TMO) experiments [78] . Thus, Moran et al. [78] suggested methyl sulfides as the intermediates of anaerobic methane oxidation (AOM). Question arises about whether anaerobic (trace) methane oxidation in 2.2 km depth of Outokumpu subsurface by active methanogens could lead to the suitable substrates for Methanolobus spp., and in this experiment to precursors with labelled C. Furthermore, the methylotrophic and aceticlastic methanogenesis linked genes were detected at the depth of 2300 m from Outokumpu metagenome, and methanol was suggested as a possible reduced C-1 substrate for methylotrophic methanogens [11] . The presence of both Methanosarcina spp. and Methanolobus spp. demonstrate potential for methylotrophic methanogenesis at the depth of 2.2 km, and this study shows Methanolobus spp. taking active part in deep terrestrial carbon cycling in Outokumpu.
One of the enrichment RNA samples shows the activation and ribosomal response to acetate amendment by the similar genera to DNA samples including Methanosarcina spp., Methanolobus spp., and unclassified Methanosarcinaceae. The RNA samples host labelled Methanothermobacter spp. and Methanobacterium spp. affiliating OTUs, demonstrating rapid archaeal response. Methanothermobacter spp. are thermophilic hydrogenotrophic methanogenic archaea capable of reducing CO 2 to CH 4 , along with H 2 as an electron donor [80, 81] . In addition, some of the Methanothermobacter species have been suggested to be able to assimilate acetate [81] . Interestingly, the firstly activated archaeal genera Methanothermobacter spp. are missing from the labelled DNA samples representing a later, more stable time-point. This could indicate that Methanothermobacter spp. are not able to compete with other archaea long-term, and that incubation conditions favour the other acetate assimilating archaea. The Methanothermobacter wolfeii spp. type strain has been shown to lyse in the energy deprivation state [81] . Methanobacterium spp. has been described as the dominant archaeal taxa represented throughout the Outokumpu bedrock fracture zones [11, 20] .
In the present study, the major bacterial families observed with labelled carbon in their nucleic acids belonged to the Pseudomonadaceae and Burkholderiaceae. The labelled fractions hosted a diversity of OTUs within the Burkholderiaceae, but did not clearly demonstrate one genus linked to the acetate amendment. Hence, this could possibly indicate partial labelling of the bacterial nucleic acids, or archaea more actively scavenging labelled carbon compounds. Part of the bacterial community could be labelled in response to utilization of the labelled 13 CO 2 formed in aceticlastic methanogenesis by Methanosarcina spp. The bacterial genera observed with labelled nucleic acids have been shown to compete efficiently for their niche in the microbial communities in various nutrient-poor environments [82] . In the Outokumpu deep biosphere, the Burkholderiales have been described as a keystone species [22] . Pseudomonas spp. represents one of the core community genera in Outokumpu subsurface at the majority of the studied depths, and the family Pseudomonadaceae covered 25% of the total OTUs detected at the depth of 2300 m [22] . Furthermore, incorporation of the inorganic carbonate-C into cell structures by carbon fixation was observed with both Burkholderia spp. and Pseudomonas spp. isolates from the Outokumpu shallow depth of 180 m [83] . Burkholderia spp. and Pseudomonas spp. represent part of the abundant taxas in other deep subsurface environments, e.g., in Äspö, Sweden [84] . In addition, Pseudomonas spp. has been detected from Río Tinto rock core enrichments with H 2 /CO 2 atmosphere [85] . In our study, the Pseudomonas spp. could present the carbon fixating partner or benefiter coupled to archaeal acetate assimilation. However, the labelled archaeal genera can similarly target the carbon dioxide produced by Methanosarcina spp. metabolism. Pseudomonas spp. could represent a genus capable of adjusting its metabolism, thus possibly competing for the resources more efficiently when nutrients become available in a deep biosphere. One of the major genera detected within Burkholderiaceae was Comamonas spp. in the labelled DNA samples. Environmental isolates of Comamonas spp. have been shown to grow on acetate [86, 87] . Therefore, the labelling of Comamonas spp. could indicate acetate consumption in deep terrestrial biospheres. Comamonadaceae from deep subsurface environments have been suggested to use extracellular electron transfer (EET), in which the electrons from the donor, such as acetate, are transferred to external surfaces [88] . Jangir et al. [88] suggest that in deep subsurface environments, the insoluble mineral surfaces could offer an electron sink, thus increasing the prospective metabolism routes and redox couples for the subsurface microbial communities. The detected labelled genera such as Duganella spp., belonging to the family Burkholderiaceae, have previously been detected as contaminants in molecular biology kits [60] . However, in DNA and RNA experiments, the enriched samples hosted 0.0-33.3% and labelled DNA samples 0.0-13.4% of unclassified Burkholderiaceae affiliating sequences (Table S3) . Thus, these taxa could be interpreted as intrinsic, previously unclassified deep subsurface taxa, rather than contaminants arising from the reagents. The enriched RNA samples hosted a variety of human related contaminants such as Streptococcus spp., and were not considered as possible deep subsurface genera (Table S4 ). These contaminants were likely detected as cDNA samples hosting small amounts of nucleic acids went through the WGA prior to amplicon library PCR.
SIP targeting the acetate-assimilating communities revealed the suitability of the modified filter-concentration C-SIP method for saline, low biomass subsurface fluids. However, this method could have underestimated the role of small-sized subsurface cells passing the 0.22 µm pore size filters [61, 89] . The SIP method relies on the ability of the microorganisms to actively metabolize these, given heavy isotope-labelled substrates. However, the exact environmental conditions, such as the pressure or constant gas exchange, of deep biospheres are not replicable in laboratory microcosms. The SIP method produces a bias missing the species that are profoundly dependent on such conditions. Nevertheless, SIP presents an effective, molecular-based metabolism studying tool which is not dependent on growth as much as on cell-level reactions [35] . These reactions require the synthesis and transfer of labelled carbon to nucleic acids in adequate levels to allow the separation from un-labelled background nucleic acids [42, 90] . In our study, we investigated the acetate cycling with DNA SIP, and RNA-targeted cell activation. The previous study from Outokumpu showed the fast activation of dormant cells in the presence of C-1 compounds [91] . A further study by Rajala and Bomberg [66] demonstrated the similar response to C-1 compounds on RNA level, indicating that our incubation time of three hours was sufficient with regards to the RNA synthesis. The rise of proteobacterial OTUs during the incubation in enriched and labelled samples shows the activation of the bacterial communities. The DNA and RNA results support each other, thus strengthening the notions made on acetate cycling and characterization of the actual active communities.
Conclusions
Methanosarcina spp. and Methanococcus spp., along with unclassified Methanosarcinaceae genera, have the potential to assimilate acetate at the depth of 2.2 km in Outokumpu. Archaeal genera Methanococcus spp. and Methanolobus spp. were active in the food-web linked to the acetate. Based on the detected archaeal genera, Outokumpu deep biosphere has the potential for biotic methane formation by hydrogenotrophic, aceticlastic, and methylotrophic methanogenesis pathways at the depth of 2.2 km. Outokumpu deep subsurface microorganisms responded very rapidly to amended compounds, resulting in both cell activation and RNA synthesis. In addition, the activation of archaea enriched the detected species diversity. Methanothermobacter spp. was observed from the Outokumpu subsurface for the first time, and Methanococcus spp., Methanolobus spp., Methanosarcina spp., and unclassified Methanosarcinaceae were detected from 2.2 km depth for the first time. DNA SIP was confirmed to be applicable for this kind of saline low biomass fracture fluids, with filter concentration modifications.
Outokumpu deep subsurface hosts a high number of different unknown taxa and unclassified OTUs, leaving the metabolic abilities of the microbial communities at deeper depths still to be explored. The potential of methylated substrates and methylotrophic methanogenesis in the deepest part of Outokumpu subsurface could be further studied.
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